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and survival of fishes at different life history stages.
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INTRODUCTION

Eurasian Vdtermilfoil (Myriophyllum spicatumeEWM) is a dicotyledonous perennial
plant with finely dissected leaves that represents one of the most problematic and aggressive
submerged aquatic macrophytes in the United States (Sorsa et al. 1988; Smith and Barko 1990;
Madsen et al. 199 Barsons et aR001). Eurasian \Atermilfoil is native to Europe, Asia and
northern Africa, and while the exact time of introduction is not clear, EWM is now widespread
throughout much of North America (Smith and Barko 1990; Madsen 1991).

Eurasian Vdtermilfoil begins gowing early in spring, before most native plants emerge,
and upon reaching the water surface, EWM branches profusely to form dense mats (Parsons et
al. 2001). These dense mats shade out native vegetation and alter community composition
(Madsen et al. 1991 Furasian Vetermilfoil can propagate and spread by both sexual
reproduction and vegetative propagules; though vegetative propagules are considered the most
effective mechanism for dispersal (Madsen et al. 1988; Smith and Barko 1990; Madsen and
Smith 1997) Vegetative expansion of EWM can occur via stolons (typically local expansion),
and by fragmentation, which allows for long distance dispersal both within and among water
bodies (Madsen at al. 1988; Smith and Barko 1990; Madsen and Smith 1997). Fragmeatat
be further divided into autiragmentation and allragmentation. Autdragmentation is self
induced separation of shoot apices from the plant, usually occurring after peak biomass is
attained (i.e., the apical tip develops roots and separatésfragmentation is the mechanical,
involuntary separation of the plant usually caused by boats, mechanical removal, or wave action.
While both means are viable, adftagments have been shown to be more successful at
establishing. In one study, 46% of BWM autcfragments which settled on substrate

successfully established (Madsen and Smith 1997).



Introduction of EWM in aquatic ecosystems can lead to a variety of detrimental effects.
For example, the adaptability, and prolific growth rates and sprgadpability of EWM allow
it to readily displace native macrophytes (Sorsa et al. 1988; Madsen et al. 1991; Harrahy et al.
2014). Further, abundant EWM growth has many economic, recreational, and ecological effects
such as interfering with boating, inceea nutrient loading, changes in nutrient cycling, and
altering habitat for invertebrates, fish and waterfowl (Smith and BE9RO; Madsen 1991,

Parsons et al. 200Kovaleno et al. 2010; Harrahy et al. 2014).

Several methods have been used in an attempt to control EWM, including manual and
mechanical harvest, and biological methods such as the Milfoil Weekiilychiopsis lecontei
However, these methods are costly and not likely to result in eradication ¢Batsa988;

Helsel et al. 1996; Parsons et al. 2001; Harrahy et al. 2014). For example, in-bdl[{da®

York lake, labor costs associated with hand pulling of EWM ranged from $146,475 to $351,748
per year and annual pulling was needed to maintain MiMElensities (Kelting and Laxson

2010). Introduction of Milfoil Weevils have been associated with EWM declines in some
Wisconsin and Minnesota waters, but predatiohdgyomisspp. may cause declines in weevil
densities below levels needed for effectivateal (Sutter and Newman 1997; Ward and

Newman 2006). Alternatively, a variety of herbicides such asdi;iorophenoxyacetic acid (2,
4-D), fluridone, endothall, and diquat, have provided relatively effective control for EWM (Sorsa
et al. 1988; Green dnVesterdahl 1990; Wagner et 2007; Gettys et al. 2014).

The herbicide 2,4 has been used to control EWM in the United States since the 1950s
(Nault et al. 2014). Two types of 2sDtare used for aquatic applications, dimethylamine salt
(DMA) and butxyethyl ester (BEE), which are both available in liquid and gsielease

granular forms (WDNR 2012; Harrahy et al. 2014). These formulations are marketed under the



trade names AquKleer®, Weedar 62 and Navigat® among others. This herbicide works by
mimicking the natural plant hormone auxin, which affects respiration, decreases food reserves by
producing insufficient chlorophyll, causes excessive growth and cell division, and ultimately
results in death (Parsons et al 2001; Kovalenko et al. 2010; Hatrahy2014; Nault et al.

2014). After application, 2,-B tends to dissipate relatively rapidly with dissipation rates

depending on lake stratification, water chemistry, movement and temperature, and substrate
composition (Parsons et al. 2001; NaultleR@12). Decomposition of 2-B is primarily

accomplished by microorganisms, along with ultraviolet light, which break dowD2ntb

carbon dioxide, water, chlorine, and a variety of chemicals depending on formulation (Mullison
1970; Parsons et el. @D; WDNR 2012; Harrahy et al. 2014).

Many studies have reported effective use of-B, #r selective control of EWM without
significant effects on native aquatic plants (Hesel et al. 1996; Parsons et al. 2001; Kovalenko et
al. 2010).The chemical 2,-D is not selective for EWM and affects all dicotyledonous plants.
However, it is the timing of application that allows for EWM control with minimal effects to
native aquatic plants. Whelake treatments typically take place in the spring after lakes have
stratified and EWM has begun growing, but most nathaecrophytesemain dormant.

Selectivity of 2, 4D towards EWM has been shown to decrease during higher exposure times in
whole-lake treatments (Nault et al. 2012; Nault et al. 2014) and spot treatwiintsgh
concentrations (Getsinger 1982). The ability to treat entire lakes with the possibility @&tang
EWM control has led to greater use of whiake treatments across several states, including
Wisconsin. While the effects of 2;[2 and other hdricide treatments on aquatic macrophytes

have been well studied, little is known regarding the effects of these herbicides on other aquatic

organisms outside of laboratory setting (DeQuattro and Karasov 2015).



Zooplankton play a significant role in aquadimosystems, acting as grazers, predators,
and serving as prey for many aquatic organisms, including larval fishes (Balcer et al. 1984). If
zooplankton are negatively affected by ) 4this could influence organisms at both higher and
lower trophic leves. Specifically, most fish species depend on zooplankton during early life
stages of development, with gape limitations determining the size and type of zooplankton that
are consumed (Schael et al. 1991; Devries et al. 1998). Consequently, changesankimmopl
communities could have negative effects on fish growth, survival and recruitment (Welker et al.
1994; Graeb et al. 2004; Kaemingk et al. 2014). For example, Kaemingk et al. (2014) reported
that mortality of larval Yellow PercRerca flavescenisi aNebraska lake was strongly correlated
to total available zooplankton biomass, and growth at older larval stages was influenced by
zooplankton abundance. Welker et al. (1994) reported that larval Bluegdinis macrochirus
growth was positively correlateglith zooplankton abundance in both a mesocosm and an
lllinois lake. Furthermore, a laboratory study conducted by Graeb et al. (2004) indicated Yellow
Perch growth and survival was significantly influenced by zooplankton size and species.

Previous laboraty and mesocosm experiments have reported varying results regarding
the effects of 2,4 on zooplankton (Sanders 1970; Boyle 1980; Releyea 2005). Sanders (1970)
described immobilization dbaphnia magnainder certain 2,4 formulations and
concentrationswhile two other mesocosm studies reported no significant change in crustacean
zooplankton densities after treatment (Boyle 1980; Relyea 2005). Little research regarding the
effects of 2, 4D on zooplankton has been conducted in a lake setting. Howexsrh@nd
Nelson (1982) reported that zooplankton density and diversity did not decrease following spot
treatments with the butoxyethyl ester (BEE) formulation of-R, €onversely, Harrahy (2014)

reported negative correlations between both taxa richmelssogpepod abundance and the



number of days following a granular treatment of-B,4ut had no reference system for
comparison.

Fish are vulnerable to pollution and environmental degradation in all stages of
development, but especially during early [iféltibran 1967; Meehan et al. 1973). Fairchild et
al. (2009) exposed juvenile and swup larvae of Rainbow Tro@nchorynchus mykige
varying concentrations of the free acid form of ) 4h a laboratory setting and reported no
significant mortalitis for either larval or juvenile fish after @Dexposure at varying
concentrations (0, 7, 14, 27, 54 and 108 mg/L). However, larval fish did show a significant
decrease in growth and weight at the 108 mg/L concentration level, but juveniles did not. In a
similar study,Hiltibran (2011)used the DMA salt formulation of 2;[3 and reported no effects
on the survival of Bluegil/lGreen Sunfist.epomis cyanellussmallmouth BasMicropterus
dolomieuandLake ChubsuckeErimyzon sucettat 25 mg/L for 8 d. Convsely, Cope et al.
(1970) reported that 2;B concentrations of 10 mg/L caused significant mortality in Bluegills,
and that concentrations of 5 and 10 mg/L delayed spawning by two weeks in ponds treated with
the propyl@e glycol butyl ester of 2,-B. However,this and other ester formulations of 2D4
have been reported to be more takian other formulations of 2;@ (Cope et al. 1970; Meehan
et al. 1974; WDNR 20%2DeQuattro and Karasov 2015).

There is a general lack of research regarding the effects dd 2etbicide treatments
used for EWM control on zooplankton and fish communities in natural systems. Most of the
previous research has focused on laboratory, mesocosm, dregiotent expanents, and not
wholelake herbicide treatmentSor example, a recent laboratory study observed declines in
larval Fathead Minnowimephales promelasurvival with DMA® 4 IVM formulation of 2, 4D

when exposed for a period of 30 days at constant conttenggDeQuattro and Karasov 2015).



Larval Fathead Minnow survival was significantly lower in the 0.05 parts per million (ppm)
treatment group (82.5 £ 4.29% survival) when compared to the control (98 £ 1.12% survival),
and while statistical trends (i.e., ® $000. 10) of decreased | arval s
concentrations of 0.5 ppm (90.83 + 2.24% survival) and 2.0 ppm (90 + 2.75% survival) they
were not significant. This same study also stated that both Weedesived and DMA® 4

IVM formulation of 2, 4D had no significant effects on fecundity, fertilization, hatchability or
embryonic development of Fathead Minnows. However, male Fathead Minnow tubercle
presence decreased significantly (up to 24%) at 2.0 ppm forDMYM and at all

concentratias for WeedestrédyAM40, suggesting that the chemical may be an endocrine
disruptor. These findings are of concern due to the fact that the®DM¥M formulation is
currently being used in Wisconsin for whadde treatments, with the United States
Environmental Protection Agency permitting whédée treatment concentrations of 2D4up

to 2 ppm and spot treatment concentrations up to 4 ppRQuaeo and Karasov 2015).

Mesocosm and laboratory studies may not accurately represent fish responses that may
occur following herbicide treatments in a lake setting, as environmental conditions cannot be
entirely replicated within controlled settingecifically, laboratory studies do not replicate the
natural degradation of 2;@ in the environment, as laboratory studies are typically conducted at
a constant concentratioBxisting field studies of 2,-D treatments have not reported significant
effeds of 2, 4D on fishes (Paul et al. 2006; Kovalenko et al. 2010; Webb et al. 2016). In a
Minnesota study, two lakes were treated with a mix of endothall an@ 2with no significant
treatment effects observed on the number of prey items, stomach coasmtdiet composition
or abundance of major diet items in adult Bluegill when compared to the two reference lakes

(Webb et al. 2016). Paul et al. (2006) used Aquakl¢BEE formulation of 2, 4) to spot treat



EWM in New York lakes and held juvenile Vi&fe Sander vitreusBrook TroutSalvelinus
fontinalisand Fathead Minnows in cages at the surface of treatment sites. No significant
mortality was observed for any of the species. However, in this same study, a laboratory
experiment determine@b-hr LC50s(lethal concentration for 50% of population) for Brook
Trout, Walleye, and Fathead Minnow were 0.76, 0.66, and 2.22 mg/L, respectively (Paul et al.
2006).In another study, two Minnesota lakes were gpedted with 2, 4O and endothall, but no
differences in biomass or diversity of fishes were observed when compared to reference lakes
(Kovalenko et al. 2010). These previous studies were not focused onlakekeeatments of 2,
4-D herbicides. However, following spot treatments,-B) dan dissipate thrmh the water
rapidly and spot treatments essentially become low dose, \dka@dreatments (Nault et al.
2012).

There has been increasing demand forR,tdeatments of EWM in Wisconsin, with
over 20,000 acres of EWM being treated from 2000 to 201éy; 3% of those treatments
occurred in those last 5 years (WDNR unpublished data). This increase in useDgféhdithe
recent implementation of whaolake treatments in Wisconsin, have led scientists and managers
to question what effects these treattsenay have on aquatic communitiBeQuattro and
Karasov (2015) showed that two similar amine formulations off2,can have varying effects
on Fathead Minnows, and that specific ) $roduct effects may not be comparable. These
differences may be due inert ingredients, with 2,-B accounting for less than 50% of
ingredients for both formulations used in this stu@ien the lack of published information,
evaluations of wholdake treatments are needed to determine the effects d€d 2
zooplankon and early life history stages of fish. The objectives of my study were to determine if

wholelake 2, 4D herbicide treatments used to control EWM affected: 1) abundance, diversity,



and size of zooplankton; 2) feeding, growth and size structure of festves, and 3) the

abundance, diversity, and survival of fishes at different life history stages.

METHODS

Study Area and Experimental Design

This study was conducted during 26A®17 on six lakes in northern Wisconsin, all of
which contained EWM (Tablg, Figure 1). Lakes were selected based on similarities in surface
area, water chemistry, bathymetry, and both plant and fish communities. None of the lakes had
been treated with 2-B since at least 2010. Three lakes (i.e., Brandy, Little Bearskin, ppdrU
Gresham) were considered reference lakes and received i tPedtment during the study,
while the remaining three lakes (i.e., Kathan, Silver, and Manson) were considered treatment
lakes and received a whelake treatment of 2,-B using the DMA& 4 IVM formulation of 2, 4
during 2016. Préreatment data were collected on all lakes during 2015 and data were collected
from all lakes in 2017, which represented the year after herbicide applications occurred.

Herbicide treatments did not occur on aakd in 2015 and 2017.

Water Quality, Temperature, and Productivity

Secchi depth readings and temperature (°C) and dissolved oxygen (mg/L) profiles were
recorded at 0.5 m depth intervals using a™&56 MPS at 7to 14d intervals from May to
August at he deepest part of each lake. A temperature logger (©ebb Pro V2 or Tidbit
V2) was attached to a cinder block and deployed at a depth of < 1 m in each lake fréon May
August each year to record hourly temperatures. Additionally, algal and chidragayhples
were collected at four randomsglected locations on each lake; sites remained fixed throughout
the study. Samples were collected usingma btegrated tube sampler att@ 14-d intervals,

8



from which a composite sample on each date wasctetleand delivered to Wisconsin
Department of Natural Resources (WDNR) personnel. Chloreplsdimples were filtered using
Millipore® SM 5 um membrane filters (SMWP 04700, 47 mm diameter) and a vacuum source by
WDNR personnel. Filters were then placeaiattest tube, wrapped in aluminum foil, packed on
ice and shipped to the Wisconsin State Laboratory of Hygiene for analysis.

Secchi depth and chlorophydiconcentrations were analyzed using miedigécts models
with lake type (2, 4D herbicide applicatin in 2016 vs. reference) and year as main effects and a
lake type and year interaction term. Prior to analysis, data were tested for normality and
homogeneity of variance usingShapit | ks tests and Levenedbds test
effects models werconducted in SAS $4ising the PROC GLIMMIX procedure; lake and
lake within year (i.e., year/ sub=lake) were included as random effects. Secchi depth and
chlorophylla concentrations within each sampling period were considered independent
observations vwthin lakes, but sampling period was not considered a main effect (essentially a
blocking variable). If main effects or interactions were significRrt 0.05), poshoct-tests
using PROC LSMEANS were used for comparison of fadptreatmertevel meas. Alpha
was not corrected for multiple comparisons because of the large variation in metrics and the low
number of lakes within lake type (N = 3), resulting in low power (i.e., difficult to detect a

significant difference if one existed).

Aquatic Plants

To determine the effects of 2.2lon EWM and native plants, potiritercept surveys
were conductedn each lake following WDNR protocols (Madsen 1999; Hauxwell et al. 2010;
Nault et al. 2014). Sampling sites were established by WDNR, and sampling wastedneach

year between miduly and midAugust. Within lakes, aquatic plant surveys took place in the



same week each year to allow for comparability with previous surveys. Sampling sites were
located using a poinihtercept grid uploaded to a hahdld GPS unit. At each site, water depth

was recorded, and one sample of aquati-< plant
headed rake attached to a telescoping pole was used to collect the plant sample. The rake was
lowered until it came into contawith the bottom substrate, at which point the rake was twisted

to make two complete rotations before being retrieved. At sample sites > 4.6 m deegka 2.27
weighted rake attached to a rope was deployed and dragged along the lake bottom for
approximatey 0.3 m and then pulled to the surface. In addition to depth, dominant sediment

type, collection method (pole vs. rope), rake fullness, and plant species present were recorded at
each site. Dominant sediment type was qualitatively reported as muck, sesuk based on

sediment on plant roots or texture when the rake was in contact with the lake bottom. Rake
fullness was rated as: 1) few plants, single layer across tines; 2) plants cover rake in single layer,
but tines are visible and 3) rake is completaivered and tines are not visible (Hauxwell et al.

2010; Figure 2). When possible, plants were identified to species using Borman et al. (2014) and
Skawinski (2014); unknown plants were vouchered for ldtamtification by University of
WisconsinMadisan Center for Limnology personnéiquatic plant density maps were created to

illustrate changes in relative abundance and distribution of EWM and all other aquatic plants.

Zooplankton

To determine if 2, 4D herbicides affected zooplankton, samplaaogurred from miel
May to midAugust of each year at T 14d intervals. Zooplankton were sampled at four
randomlyselected locations on each lake and sites remained fixed throughout the study.

Zooplankton were collected using S8aaf model 9000 plankio nets (36cm opening, 3:1

10



lengthto-diameter ratio, 8Qum mesh, 8@um cod end bucket). The net was lowered to within 1
m of the lake bottom and retrieved. Depth of each tow was measured to the nearest 0.5 m to
estimate zooplankton densities (i.e., numbeZooplankton samples were preserved in 95%
ethanol.

Zooplankton were identified following Balcer et al. (1984) and enumerated by diluting
each sample to the nearest 25 ml, to a minimum of 100 ml total sample volume. For every 25 ml,
a I-ml subsample as randomly taken using a Hens&tempel pipette and placed into a
zooplankton counting wheel. Using a dissecting microscope from 20 to 50x magnification, all
crustacean zooplankton were identified and counted. Cladocerans were identified to genus when
possible, while copepods were identifi¢o order (Calanoida or Cyclojla). In each sample, up
to 10Daphniaspp., 10 calanoid and 10 cyctmg copepods were measured (nearest pum) using
Leica Application Suite V4.10%software or an ocular micromet&aphria spp. were
measured from the anterior base of the carapace to the base ofspen&ibody length), and
from the tip of the helmet to the tip of the tggine (total length); copepods were measured from
the anterior portion of the carapace to bdih base and end of the caudal rami (Devries et al.
1988; Wel ker et al. 1994). To esti maHN) zwaogpl a
calculated for each lake in each year (i.e., data pooled across all samples for a specific year)

using the guation

G nire,

wheresis the number of species apds the proportion of the total sample represented bithhe
species (Kwak and Peterson 2007).
Using a similar approach to those described in the analysis of Secchi depths and

chlorophylla concentrations, total zooplanktddaphniaspp., calanoid copepod, cyclopoid
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copepodBosminaspp. and naupldensities (number/L), along with body lengthdafphnia

spp, calanoid and cyclopoids, were analyzed using meféetts models. Min effects of lake

type (treatment vs. reference) and year, along with the interaction between lake type and year
were used in all models. Total zooplanktBaphniaspp.and calanoid copepod densities, along

with calanoid and cyclopoid copepods body tbsgvere logtransformed before analysis

because of unequal variances among some treatments. Before transformation, 1 was added to
Daphniaspp and calanoid copepod densities because a density of zero was recorded on at least
one lake duringasinglesamp ng peri od for each taxa. Shanno
zooplankton was analyzed with mixeffects models including the main effects of lake type
(treatment vs. reference) and year, and the interaction between lake type and year. Random
effects of lake asted within lake type [i.e., lake (lake type)] and year within lake with an
autoregressive covariance structure [i.e., random year/ sub=lake (lake type) type=ar(1)] were
used for this analysis. Sampling period 1 was removed from all zooplankton analyaeseono

zooplankton samples were collected during this period in 2017.

Larval Fish
Larval fish were collected each year using quatrefoil light tragmsr(dopening, 25um
mesh capture bags) and Sgaaf® Model 9000 ichthyoplankton nets (1,00t mesh;75-cm
diameter net mouth, 5:1 net lengthdiameter ratio). Sampling began in rivthy and continued
through midJuly of each year at 7o 10-d intervals, with both gears fished within 24 h of each
other. Light traps were set at dusk arsth&d overnighat four randomlyselected locations at
depths O 2.4 m on each |l ake; these sites rema
catch per effort (CPE; fish/trap night) was estimated for the period encompassing 30 min after

sunset to 30 min beforanrise. Ichthyoplankton nets were towed behind a boat for 3 to 5 min
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just below the surface during daylight hours. Tows were conducted at six rarskladied
locations on all lakes except for Silver Lake (N = 4); these sites remained fixed throunghout t
study. A General Oceanit#lodel 2030R flow meter was mounted in the mouth of the
ichthyoplankton net to allow calculation of total volume of water filteret) énd larval fish

CPE (fish/100 r#). Larval fish were preserved in 95% ethanol for subsequeressing.

Larval fish were identified to species using Auer (1982), with cyprinids identified to
family. To determine changes indivers y, Shannon dvascalculateslfos i ty i nde)
ichthyoplankton tows and quatrefoil light traf® determine if riationships between mean TL
and day of year were different among years and lakes, up to 50 rarskledied Yellow Perch,
Black CrappidPomoxis nigromaculatysnd Bluegill from ichthyoplankton tows and light traps
were measured for total length (TL) =#e on each sampling date. Larval fish were placed into
a petri dish placed under a dissecting microscope at magnifications of 8 to 20x. Fish were
measured using Leica Application Suite V4.f&06ftware or an ocular micrometer to the
nearest um. When tiswere too large for measurement under a microscope (> 12 mm), they
were measured using digital calipers to the nearest 0.1 mm.

Sagittal otoliths were removed from up to 30 randesdiected Yellow Perch and Black
Crappie to estimate hatch timing and datowth. Otoliths were removed from larvae collected
on the date of peak larval abundance for each species. Larval Yellow Perch were initially
selected as they were expected to be present in all lakes during typical herbicide treatment
periods (early to md-May; Schael et al. 1991; Isermann and Willis 2008). Black Crappies were
selected because they should have been spawning or incubation of eggs would be occurring
when herbicide treatments occurred (Schael et al. 1991). Otolith daily ring counts weie used

estimate hatch dates and average daily growth rates. Daily growth increments have not been
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validated for Black Crappie, but have been validated forGagéhite Crappid?omoxis annularis
(Sweatman and Kohler 1991) and have been used previously totesamesof larval Yellow
Perch (Fitzgerald et a2001; Isermann and Willis 20D8

After larval fish were measured for TL using an ocular micrometer, otoliths were
removed and placed on a glass slide and viewed at 400x magnification; immersion oildvas use
to improved otolith clarity. An image was taken of the single best otolith using Im&gePro
software and a Nikon DEil camera. Two separate readers estimated the age (count of the
number of daily rings) of each otolith independently, and the ages frcmreader were
averaged for each fish.

Daily growth increments in White Crappie otoliths appear at hatch, so no correction was
used to calculate hatch date (Sweatman and Kohler 1991). Black Crappie hatch dates were
calculated by subtracting date at captirom mean otolith daily counts. Mean larval Black
Crappie average daily growth rate (DGR) was calculated using methods similar to Pine and
Allen (2001) in which the mean TL at hatch (4.3 mm) was subtracted from the TL at capture

(TLc) and divided by agm d using the equation:
DGR = (TL.1 4.3)/age.

Most Yellow Perch exhibit daily growth increments 1 day after hatch, so hatch dates were
corrected by adding 1 day to the mean growth increment count and subtracted from day of
capture (Isermann and WillZ)08). Daily growth rates for larval Yellow Perch were estimated
using the methods described by Kaemingk et al. (2014) wheyis e length at capture, 4.7 is

the mean TL at hatch, and age is the number of days post hatch using the equation:

DGR = (TLc T 4.7)/age.
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When possible, diet items were also removed from the entire digestive tract of larval
Black Crappie. Copepods were identified to order and carapace length was measured.
Cladocerans were identified to genus when possible and total length waseded o determine
if herbicide treatments affected foraging success, the number of zooplankton per larval fish diet
was calculated. Foraging success was then compared among lakes and among years within lakes
(e.g., pretreatment vs. treatment year inv&it Lake). To determine if diet composition changed
due to herbicide application, percent composition by number (Chipps and Garvey 2007) was also
calculated for Black Crappie diets for calanoid copepods, cycloppepods, cladocerans, and
naupli.

Peak elative abundance of larval cyprinids and-@geargemouth Bass from quatrefoil
light traps, and peak relative abundance of larval Yellow Perch, Black Crappie and Bluegill CPE
from ichthyoplankton tows were compared using migédcts models with lake tgp(treatment
vs. reference) and year as main effects and a lake type and year interaction. Larval cyprinid,
Yellow Perch and Black Crappie CPE wereeltsgnsformed before analysis. Larval Black
Crappi e mean daily gr owt h forlartakfishaapreddrh annon é s
guatrefoil light traps and ichthyoplankton tows were also analyzed in this manner. Sampling
period was not used in these analyses because of observed variation in hatch timing and timing
of peak catch rate of larval species agtakes and years that could affect conclusions regarding
the effects of the herbicide treatments, as CPE of larvae typically declines rapidly after peak
abundance is detected. Consequently, if peakddnge of larval Black @ppies was detected
before hebicide application dates on some lakes, but after application dates on other lakes, |
might erroneously conclude that herbicide application affected larval crappie abundance when

the difference merely reflected natural variation or the dates selectsahipling each lake.
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Mean daily growth rates were not calculated for larval Yellow Perch or Bluegill, so
growth was described using slopes from linear regressions of TLs in relation to day of year
(January ¥'= day 1). Slopes were estimated for each tgge in each year and were compared
using PROC GLM in SAS 9% Only Yellow Perch TLs from sampling periods 2 and 3 and
Bluegill TLs from sampling period 5 to 8 were used because of low sample sizes during other
sampling periods. Larval Black Crappie foraggsuccess was analyzed among lake type and year
combinations (i.e., reference 2016, treatment 2016, reference 2017, treatment 2017) using a
KruskalWallis test, while the effects of year and lake type were analyzed using a Wilcoxon rank
sum test becaugke assumption of normality was not met. Both nonparametric tests were

conducted in SAS 9%using PROC NPARIWAY.

Juvenile Fish Abundance and Mortality

To assess trends in juvenile fish abundance, seinesc¢t 3@esh, 30.48 long, 1.83m
high) were puked in an arc perpendicular to the shoreline at six randseibcted locations on
each lake. These sites remained fixed during the course of the study. All fish captured in seines
were identified to species and counted. The first 50 fish of each speltéeser at each site
were measured (TL; mm) on each sampling date.
data, along with juvenile Yellow Perch (O 70
from August seining events were anagaising mixeeeffects modelsYellow Perchof these
TLs were selected for analysis becaumseytshould incorporate the a@dish that were larvae
duringichthyoplankton tows in the samyear.

To evaluate immediate effects of herbicide applications on juvenile fish survival, up to 30
Bluegilland 30 YellowPerc® 125 mm TL c aptJunesethingbodr i ng May t

electrofishing events were held in aerated tanks for at least 10 min, then teghisfer two 1.0
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m?® net pens (0.64m mesh) and held for 48 h. Net pens were stationed at randetabted

locations on each date. After 48 h, fish were removed and categorized as dead or alive, and
external symptoms that may have resulted in mortalitgweted (e.g., wounds from pen, etc.).

Net pen trials were conducted on each lake between late May and early June of each year, which
included trials conducted before and after herbicide treatments occurred in 2016. Net pen trials
occurring in 2015 and 20 and before herbicide application dates in 2016 were considered
reference observations (i.e., no 2D4resent); net pen trials occurring tol weekafter

herbicide application on treatment lakes wenestdered treatment observatioAsWilcoxon

ranksum test was used to determine if survival of juvenile Yellow Perch and Bluegill from net

pen trials differed between treatment and reference conditions.

2, 4D Degradation Rates

To quantify 2, 4D degradation rates following treatments, water sanpégs collected
using a Van Dorn horizontal sampler at a depth of 1.5 m from four randomly selected locations
on each lake; sampling locations remained fixed during the study. After collection, water
samples were placed in 25@ glass bottles, put on ice@ preserved using 1:1,80: (10 drops
per 250 ml sample). A depth of 1.5 m was selected for collecting water samples because it was
representative of water depths from which fish were collected. Water samples were collected
once during the week before baide applications occurred, on the day each application was
completed, 24 h after each application was completeddantrvals until 7d postapplication,
7-d intervals until 42 d after application, andd@tervals until 62 postapplication. In non
treatment years, water samples were collected once in June and again in July to establish a base
concentration within all lakes. Additional samples were collected below the thermocline from

Manson Lake (6 m) and Silver Lake (5 ta)determine if 2, 49D was present, as it was not
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believed to disperse into the hypolimnion. All water samples were analyzed at the Water and
Environmental Analysis Laboratory at the University of Wiscoi@&ievens Point using high
performance liquid chmatography coupled with a tripktage quadrupole mass spectrometer to

determine concentrationsof2D4 t o t he nearest 0.5 €9/ L.

RESULTS

Water Quality, Temperature, and Productivity

Mean Secchi depth was lower in 2017 than previous years in all lakebjs change
appeared greater in treatment lakes (Figure 3). Metetts models results indicated no
significant interaction between lake type and year when comparing mean Secchi depth and
Secchi depth did not differ between treatment and referekes (@able 2; Figure 4). Mean
Secchi depth did differ among years and was lowest in 2017 and highest in 2015. Mean
chlorophylta levels were highest in all lakes in 2017, exdep Kathan Lake, which had its
lowest mean chlorophyh levels in 2017 (Figwe 5). Mixedeffects models results indicated no
significant interaction between lake type and year when comparing mean chlosolawgdls
and levels did not differ between treatment and reference lakes or among years (Table 2; Figure
6). Water temperatas within each lake were generally similar among years, except that
temperatures between midlay and early June were lower in 2017 than in the previous two
years (Figure 7). Water temperatures in Manson Lake durindviaidto early June appeared
lower in 215, but the temperature logger had slid from its original position into deeper water
where it had sunk into the sediment. The temperature logger was recovered ori"ame 16

placed back in its original position. Additionally, in 2017 water temperatwees only recorded
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until June 18 in Brandy Lake because the memory of the temperature logger was filled and it

was no longer recording.

Aquatic Plants

All lakes contained EWM in 2015, ranging from 1.7 to 12.9 percent of vegetative
coverage (Table 3)n 2016, no EWM was sampled in any of the three lakes where herbicide
was applied and the percent of vegetated area containing EWM increased or remained steady
between 2015 and 2016 in reference lakes (Table 3). In 2017, the percent of EWM occurrence
increased in two reference systems (i.e., Little Bearskin and Upper Gresham lakes), but
decreased in Brandy Lake (Figured®. In 2017, EWM was sampled in two lakes where
herbicide was applied in 2016 (Kathan and Manson lakes), but was not observed dra&dver
(Figures 1113). While EWM was not detected on Silver Lake during pmitdrcept surveys,
wandering surveys conducted in June 2017 did detect a small bed of EWM on the east side of the

lake (E. Heath, Onterra LLC., personal communication).

Zooplankbn
Taxa collected in my 768 zooplankton samples includaohniaspp., calanoid
copepods, cyclopoid copepods, copepod nauptisminaspp, Diaphanosomapp, Holopedium
spp, Leptidora kindtii, Chydoruspp, Eurycercusspp, and Ceriodaphniagpp.Meantotal
zooplankton densities ranged from a minimum of 8.6 + 4.5/L in Upper Gresham Lake to a
maximum of 922.8 + 366.1/L in Little Bearskin Lake. Within lakes tognsformed total
zooplankton densities followed similar trends among years (Figure 14)dMffects models
comparing logtotal zooplanktondensi¢g nd Shannonés diversity indebj»
indicated no significant interactions between lake type and year and the main effects of lake type

and year were not significant (Table 2; FigurBsahd 16).
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The mixedeffects model for log+1 transformed density @aphniaspp. indicated no
significant interaction between lake type and year, densities did not differ between treatment and
reference lakes, but did differ among years (Table 2; Fijtirddaphniaspp. densities were
significantly greater in 2017 than in 2015 and 2016. Despite the lack of statistical differences
between treatment and reference lakes, trenBaphniaspp. abundance within Kathan and
Silver lakes appeared to be diffetén 2017 compared to the previous two years, while all other
lakes followed similar trends among years (Figure 18). | detected a significant interaction
between lake type and year when compabaghniaspp. body lengths (Table 2; Figure 19).
Daphniaspp body length was significantly different among all years in references lakes with
smallest average body length observed in 2016 and largest average lengths observed in 2017.
Daphniaspp.body length in treatment lakes during 2016 was significantly lomger body
lengths in treatment lakes during 2015 and 2017.

Within lakes, log+1 transformed calanoid copepod densities were similar among years,
except for lower densities observed in Little Bearskin Lake during 2017 (Figure 20). | detected
no significan interaction between lake type and year and the main effects of lake type and year
were not significant when comparing ol transformed calanoid copepod densities (Table 2;
Figure 21). The mixe@ffects model used to comparedtgnsformed calanoidopepod body
lengths indicated no interaction between lake type and yeahddy lengths did not differ
between treatment and reference lakes, but there was a significant year effect (Table 2; Figure
22). Log transformed calanoid copepod body lengthsevggnificantly greater in 2017 than in
2015 and 2016.

| detected no significant interaction between lake type and year when comparing

cyclopoid copepod density, and densities did not differ between treatment and reference lakes or
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among years (Table Figure 23). Despite the lack of statistical differences, cyclopoid copepod
density in Kathan and Manson lakes appeared lower in 2017 (year after herbicide treatment)
when compared to 2015 and 2016, while all other lakes followed similar trends among years
(Figure 24). Results from the mixedfects model used to comparedagnsformed body
lengths of cyclopoid copepods indicated no significant interaction between lake type and year,
logebody length did not differ between treatment and reference lakiethdna was a significant
year effect (Table 2; Figure 25). All years were significantly different, with highestdoly
lengths observed in 2016 and lowest values observed in 2017.

| detected no significant interaction between lake type and year whgracing densities
of copepod nauplii anBosminaspp., and the main effects of lake type and yesre not
significant (Table 2Figures 26 and 27). Despite the lack of statistical difference between
treatment and reference lakBasminaspp. trends werdifferent in Kathan Lake during 2017,
peaking during migsummer when low abundances had been observed in the previous two years

(Figure 28) Within lakes, copepod nauplii densities were similar among years (Figure 29).

Larval Fish

Quatrefoil light trais

Across all six lakes, 525 quatrefoil light trap nights were completed in the three years of
sampling collecting a total of 9,882 larval fish. The most common taxa captured in light traps
were cyprinids, Yellow Perch, Mottled Sculg@ottus bairdii,Largemouth Bass and Bluegill.

All of these common taxa within each lake were caught in every year. Light traps caught a

greater diversity of taxa than ichthyoplankton tows. | detected no significant interaction between

lake type and year when comparing meanvals of Shannondés diversity
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quatrefoil light traps (i.e., fish/trap night; Table 2; Figure 30). There was no difference between
treatment and reference lakes, and the effect of year was not significant.

Within-lakes, log transformed peak CPE of larval cyprinids appeared to be higher in
treatment lakes during 2017 than in the previous two years, while the opposite trend was
observed in reference lakes (Figure 31). Results of the reiffects model comparing leg
transforned peak CPE of larval cyprinids indicated a significant interaction between lake type
and year (Table 2; Figure 32). Lagansformed peak larval cyprinid CPE was significantly
lower in reference lakes during 2017 than in reference lakes during 2015J&hd Bére were
no withinryear differences in loagransformed peak CPE of larval cyprinids among treatment and
reference lakes.

Peak CPE of agé Largemouth Bass in light traps exhibited large variation within lakes
and among yeatseing lowest in all traanent lakes in 201, Dbut this was not true of any
reference lakéFigure 33). A mixeeeffects model indicated no significant interaction between
lake type and year when comparing peak CPE ofalgergemouth Bass in light traps, there was
no difference beteen treatment and reference lakes, and the effect of year was not significant

(Table 2; Figure 34).

Ichthyoplankton tows

Over the 3 years of sampling, 816 ichthyoplankton tows were completed, capturing a
total of 18,763 larval fish. The most abundaréses captured in ichthyoplankton tows were
Yellow Perch, Black Crappie, and Bluegill. A mixetfects model indicated there was no
significant interaction between | ake type and
calculated from CPEs in ichthylmkton tows (fish/100 B). Shannoé siverdityindex did not

differ between treatment and reference lakes, but the effect of year was significant (Table 2;
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Figure 35). Shannondéds diversity index was s
index value was not significantly different from values calculated for 2015 or 2017.

| detected no significant interaction between lake type and year wheradamlog
transformed peak CPE of larval Yellow Perch in ichthyoplankton nets, there was no difference in
peak CPE between treatment and reference lakes, and the effect of year was not significant
(Table 2; Figure 36). Despite the lack of statisticdiedénce between treatment and reference
lakes, peak CPE of larval Yellow Perch appeared to be lower in all treatment lakes in 2017
compared to the previous two years, but this trend was not observed in reference lakes (Figure
37). There was no significadifference in slopes of larval Yellow Perch TL in relation to day of
year among all lake type and year combinations (Table 2; Figure 38).

Larval Black Crappie CPE was variable among lakes and years and relatively low on all
lakes except Kathan Lake 2015; Kathan Lakehad similar Black Crappie CPE in all three years
(Figure 39). Results from the mixedfects model indicated a significant interaction between
lake type and year when comparingdtr@nsformed peak CPE of larval Black Crappie in
ichthyoplarkton tows (Table 2; Figure 40n reference lakefeak CPE of larval Black Crappie
was significantly lower in 2015 than in 2016 and 2@wever, herewere no withinyear
differences in logtransformedeak CPE of Black Crappies betwedsratment andeference
lakes.

Larval Bluegill CPE was variable among lakes and years (Figurd.ddJjal Bluegill
CPEfrom ichthyoplankton net towdid not have a significant lake type by year interaction and
was not different among treatment and reference lakeshangtar effect was not significant
(Table 2; Figure 42). There was no significant difference in slopes of larval Bluegill TL in

relation to day of year among all lake type and year combinations (Table 2; Figure 43).
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Hatch dates and daily growth rates

Peakhatch dates of larval Yellow Perch were slightly later in 2016 than 2015, but in both
years, peak hatch date occurred well before 2016 calendar dates when the herbicide applications
occurred (Figure 44 and 45). In addition, larval Yellow Perch were metdreing caught in
ichthyoplankton tows or CPE was very low on herbicide application dates. Therefore, larval
Yellow Perch were excluded from hatch date and daily growth assessment in 2017. Furthermore,
daily growth rate analysis was not performed on &tata 2015 and 2016 because peak
abundance of larval Yellow Perch from these years occurred before herbicide treatments took
place (i.e., both observations were-freatment based on calendar dates of treatments).

Catch rates of larval Black Crappie ohthyoplankton tows were low in 2015 on all
lakes except Kathan Lakand hatch dates, daily growth ratasddiets were not examined for
that year. Black Crappie peak hatch dates were later in 2017 than 2016, but aligned with
herbicide application datés both years, indicating eggs were incubating or larvae were present
at the time of application (Figure 46 and 47). Mbedtects model results indicated there was no
significant interaction between lake type and year when comparing larval Black Craibpie d
growth rates, growth rates did not differ between treatment and reference lakes, and the effect of

yearon growth ratevas not significant (Table 2; Figure 48).

Diets and foraging success

Mean percent composition of diet items from larval Black Ceyppptured in
ichthyoplankton tows othedate peak CPE was observed was variable among lakes and years
(Figure 49). Cladocerans were the most common diet item and indedednaspp, Chydorus
spp, Daphniaspp, Diaphanasomapp.and Holopedim spp. (kgure 49). The next most

common taxa were copepod nauplii and cyclopoid copepods, followed by a low occurrence of
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calanoid copepods. Larval Black Crappie foraging success (i.e., number of crustacean
zooplankton per diet) was highest in 2017 in all lakegpkSilver Lake (Figure 50). Results

from KruskatWallis and Wilcoxon rank sum tests indicated larval Black Crappie foraging
success was not significantly different among lake type and year combin&tieds6(187,P =
0.2019) lake typed; = -0.8807 P = 0.3973) or yeard: = -1.3611 P = 0.2007; Figure 51Diets

and foraging success were not calculated for larval Yellow Perch in 2017 for the same reasons

that daily growth rate analysis was not performed.

Net pen trials

There was no significant diffemee in percent survival of juvenile Yellow Perch between
reference (95.4% * 2.6%) and treatment net pen trials (180%6:0.9824 P = 0.34; Figure 52).
There was also no significant difference in percent survival of juvenile Bluegill between

reference (8.5 £ 2.5%) and treatment trials (96.8 £+ 1.2+ 1.8701 P = 0.11; Figure 53).

Seining
Catchper-effort of juvenile Yellow Perchin August seines was variable among lakes and
years, but was generally lower in 2017 than in the previous two fggdrsth reference and
treatment lake@Figure ). Mixed-effects model results indicated there was no interaction
between lake type and year and the main effects of lake type andgreamot significant when
comparing Shannon 6 sdfibinseme GPETAbe 2;i FiyudeeSk Therawas ul at e
not a significant interaction between lake type and,\@a the main effects of lake type and
year were not significant when comparjngenile Yellow PerchseineCPE (Table 2Figure

56). Catchper-effort of juvenile Bluegill in seines was variable among years and lakes (Figure
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57). There was not a significant interaction between lake type and year and the main effects of
lake type or year were not significant when comparing&luCPE in seines using a mixed

effects model (Table ZEigure 58).

2, 4D degradation rates

Herbicide applications took place between late May and early June 2016. Pdak 2, 4
concentrations did not reach the target concentration of 0.3 ppm on any treatment lake. Kathan
Lake was treated on May 24, reaching a peak concentration of 0.234 (x@83@Figure 59).
Manson Lake received a treatment on June 2, reaching a peaking concentration of 0.257 (+
0.052) ppm (Figure 60). Silver Lake was treated June 7, with a peak concentration of 0.152 (+
0.083) ppm (Figure 61¥oncentrations a?, 4D from sanples collectedh nontreatment years
and reference lakes were below the limit of detection, except for one instance from June 30, 2017
on Brandy Lake with a 2,-B concentration of 0.0024 (+0.0001) ppm. Samples collected below
the thermocline on Mansoma Silver lakes had low concentrations, but the chemical was

detectable (Table 4).

DISCUSSION
Mean wholelake concentrations of 2;[ did not reach the target concentration of 0.3
ppm on any lake, but still resulted in control of EWM in all lakes, while the percent occurrence
of EWM remained constant or increased in reference lakes during 2@@BL1nEWM was not
sampled in Silver Lake, but was sampled in Kathan and Manson lakes at 64% and 74% of their
pre-treatment abundance, respectively. This quick recolonization of EWM in Kathan and
Manson lakes, but not in Silver Lake, does not appear &m leéfect of lower than target

concentrations because Silver Lake had the lowest peak Zoficentration of all treatment
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lakes. However, percent occurrence of EWM was relatively Iofaihan and Silver lakes in

2015 and herbicide treatments would twyllig be delayed until EWM occurrence was higher (E.
Heath, Onterra LLC., personal communication). Failure to reach the target concentration could
have made it more difficult to detect an effect of herbieiplicationon the metrics | measured.
However, 2 4-D degradation rate is dependent on lake stratification, water chemistry, water
movement, temperature, substrate composition, microbial presence, and whether the lake has
been treated before, making 2D4rends variable among treatments (Parsons 208ll; Nault

et al. 2012Nault et al. 2017). Efficacy and selectivity of 2D4is dependent on concentration

and exposure time, with long term exposure (> 14 days) at concentration as low as 0.1 ppm
providing longterm EWM control (Nault et al. 2017)afget concentrations of 0.pm may not

be needed iéxposure to 2,-D is of sufficient duration.

While no analysis of the effects of 2D4treatment on native plant species was
conducted, previous studies have reported significant reductions ingelbtimdance of native
plants following 24-D treatments (Getsinger 1982; Nault et al. 2012; Nault et al. 2044t et
al. 2017). Conversely, other studies have reported EWM control with no significant effects on
native plants (Hesel et al. 1996; Parsenal. 2001; Kovalenko etl. 2010). Changes in
macrophye communities can subsequently affect higher trophic levels, as aquatic plant
communities provide refuge and foraging habitat for zooplankton, juvenile fish and other aquatic
organismgVan Donk and/an De Bund 2002Veber and Brown 2012). Loss of habitat could
result in an indirect effect of 2;@ treatments and not necessarily a direct effect of the chemical.

Based on my results, 252 herbicide application at the concentrations measured did not
have any immediate effects on the zooplankton metrics | measured. In general, zooplankton

densities are highest in spring, and undergo asuidmer decline usually attributed to &€je
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fish predation (e.g., Luecke et al. 199gppesen et al. 1998). Mostoy study lakes showed
this trend for total zooplankton densities, which were similar within lakes and between years, but
annual trends differed in some treatment lakes for individual taxa. For exarapleniBspp.
densities in herbicide treatment lakksing 2017 (year after treatment) peaked during the period
when lowest densities were observed in the previous two years of sampling; this discrepancy was
most apparent on Kathan and Silver lakes. Additionally, cyclopoid copepod densities in Kathan
and Manson lakes were relatively low throughout the entire sampling period in 2017, while
densities in Silver Lake and all three references lakes appeared similar to previous years.
Bosminaspp. densities did not follow a typical seasonal trend in Kathan Lakdjdin all other
treatment lakes. Whether or not these observed trends in individual treatment lakes were a result
of the herbicide applications cannot be determined, and may havéheemsult of other factors.
Cooler water temperatures in sprirfg2017 could have led to changes in zooplankton
cycles. Zooplankton growth and reproduction are dependent on water temperature and are
reduced during proloregl periods o€ooler water (Persaud and Williamson 2005). Cooler water
temperatures in spring couldereforeresult in decreased or delayed abundance of zooplankton
species, and this timing could vary among lakes with different temperature regimes.
Additionally, many zooplankton species consume phytoplankton, and changes in nutrient
dynamics or phytopinkton abundance could influence zooplankton trends (Schoenberg and
Carlson 1984). If aquatic plant biomass was lower in 2017 treatment lakes, this could lead to an
increase in available nutrients and an increase in algal production, leading to-thaenpeak
observed in phytoplankton grazers suclbaphniaspp. While mean Secchi disk values were
lowest in treatment lakes in 2017, this was also true of all reference lakes. In addition,

chlorophylla concentrations were highest in 2017 in all lakes, gixikathan Lake, and probably
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a result of higher spring precipitation increasing nutrient inputs. Kathan Lake may have been
more vulnerable to treatment effects because it is a shallow eutrophic lake that does not stratify.
This would allow 2, 4 to dispese across the entire water column and would not be hindered by
the thermocline as in the other treatment lakes, making exposure to the chemical unavoidable. In
Manson and Silver lakes 252t samples taken below the thermocline were detectable, but at
verylow concentrations.

Changes in plant communities by chemical or biological control have been shown to alter
zooplankton populations (Richard et al. 1985; Jeppesanl&98). Hence, reductions in plant
biomass or preferremhacrophytesnay have changed zooplankton refuge during early sampling
periods(May) in study lakes. This could iturn lead to increased zooplankton predation in some
treatment lakes and explain the inverse trend to the normal spring or early summer zooplankton
peakobserved, but not the mglUmmer peak. Macrophytes provide refuge for algal grazing
zooplankton and reduce predation by zooplanktivores (Scheffer et al. B&38&)inaspp. are
primarily found in open water habitats, while cyclopoid copepods tend to asswiih dense
vegetation an@®aphniaspp. can be found in both areas (Jeppesen et al. 1998). Therefore,
decreased aquatic vegetation due to herbicide treatments would be a plausible explanation for
observed declines iDaphniaspp. and cyclopoid copepodarly in the openwater season. In
future studies, zooplankton sampling should continue beyond the year after herbicide application
to assess annual variation in zooplankton trends and to assess zoopfaadtophyte
interactions.

In a laboratory settin@®, 4D herbicides significantly reduced larval Fathead Minnow
survival by approximately 15% at relevant concentrations (Dequattro and Karasov 2015).

However, CPE of larval cyprinids in quatrefoil light traps did not differ between treatment and
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referencdakes. Dequattro and Karasov (2015) used flow through systems at constént 2, 4
concentrations for 30 d, which does not replicate the natural degradationbfi@,wholelake
treatments. Additionally, while a 15% reduction in larval fish survival @dné detectable in a
controlled environment such as a laboratory experiments, it would be difficult to detect in a lake
setting with large natural variation in CPE and higher natural mortality rates.

Cyprinids were only identified to family because ofidiilty in identification, but this
could have confounded the date of peak larval abundance, with different species hatching at
different times. In addition, if some species of larval cyprinids were more tolerant to the
treatments, while others were affed} it could reduce competition, increasing survival of the
tolerant species maisky any treatment effect. Identification of cyprinids to species may have
been a better approach, but larval cyprinids guides are generally limited to genus because of
difficulty in identification. Paul et al. (2006) indicated that Fathead Minnows had higher 96
LC50s for AquaKleefi than Brook Trout or Walleye, suggesting that Fathead Minnows may be
less vulnerable to 2B than other native species.

Previous studies have not reported significant effects of2p#A centrarchids at
concentrations relevant to whekke treatmentsdge-0 Largemouth Bass CPE from quatrefoll
light traps was not significantly different between treatment and reference fakeevious field
study in Michigan lakes also observed no effects of habitat loss eb laggiemouth Bass
abundance, size or diet following wheéke treatments of EWM with fluridone (Valley and
Bremigan 2002)Peak abundance of larval Bluegill wasahot significantly different by
treatment or year. Bluegill spawn several times throughout the summer, so peak abundance may
not have been effectively captured by sampling methods of this study. Alternatively,

concentrations of 2,-B would have been loand declining during Bluegill spawning and when
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larvae were present. Hiltibran (1967) did not observe reduced survival of Bluegill fry exposed to
a DMA salt formulation of 2,4 at concentrations higher than were present in this study.
Additionally, Copg(1970) did observe significant mortality in juvenile {800 mm) Bluegills
exposed to high concentrations (10 ppm) of-B,. However, Cope (1970) used a propylene
glycol butyl ester version of 2B, which would not be directly comparable to the DRMVM
formulation.Black Crappidarval abundanceras not different by year or treatmgahdno
significant effects were observed average daily growth rates, foraging success or diets of
larval Black Crappie between 2016 and 2017

Despite lack of statigtal differences, Yellow Pergbeak larval abundance&d appear
lower in treatment lakes during 2017 compared to previous years. This could be due to a variety
of factors such as reduced fecundity, increased predation because ofrifcigef(i.e.,
maciophytes)change in forage base abiotic differences between yea@enotoxic effects and
DNA damage have been recorded on a neotropical fish species exposedtdit &t
concentrations greater than observed during wlaile treatments (Ruiz de Aaate et al. 2016).
There is also evidence to suggest the DMIWVM formulation of 2, 4D may be an endocrine
disruptor in Fathead Minnows (DeQuattro and Karasov 2015). The®™DMXM formulation of
2, 4D could also act as an endocrine disruptor in Yellow Perch, resulting in reduced fecundity
after treatment leading to reduced recruitment. Future laboratory studies should aim to determine
if 2, 4-D concentrations used in whelgke treatments can act as endocrine disruptors in native
fishes such as Yellow Perch.

Additionally, Yellow Perch spawn in the littoral zone, laying a ribbon of eggs over rocky
substrate or structure such as aquatic vegetation (Weber and Les 1982; Vakl2€)1dt). If

aquatic vegetation was limited in treatment lakes in 2017, potential spawning habitat may have
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been reduced for Yellow Perch in the spring of 2017, which could lead to a decline in larval
production. Yellow Perch also use vegetation as nyeeas, especially as gagvae, and
Yellow Perch abundance has been reported to increase in a reservoir as EWM increased (Dibble
et al. 1997). Loss of EWM biomass or potentially other native macrophytes Hy 2, 4
applications in the podteatment yeamay reduce refuge for ageYellow Perch leading to
increased predation and ultimately decreases in relative abundance observed in treatment lakes.
Wholelake treatments occur when EWM and other early emerging aquatic plants begin growth,
but most aquatiplants ae still dormant. These macroghk species would have already been
growing when Yellow Perch were spawning and larvae were present in the year of-the 2, 4
treatment, but plants may have been affected enough that they were not present when Yellow
Perch were spawning or larval in the year gositment. If early emerging aquatic plant species
were affected, but recolonization by later emerging plants occurred, this would explain why peak
abundance darval Yellow Perch appeardower, but this wasiot observed for other species,
which spawn later. Sampling aquatic plants in both spring and late summer may have helped in
determining if spawning habitat or refuge was limited during this time. In future studies, diets of
larval Yellow Perch could aldme examined in the year after herbicide applications to determine
if changes in aquatic plant communities are changing larval Yellow Perch foraging success, and
in turn leading to declines in Yellow Perch recruitment.

The overall species diversity of lavand juvenile fishes sampled from quatrefoil light
traps, ichthyoplankton towand seining did not appear to be significantly affected byl2, 4
treatments. Similar to previous research, no direct mortality associated with the chemical was
observed inygvenile fish during net pen trials (Paul et al. 2006; Kovalenko et al. 2010; Webb et

al. 2016). While other studies have reported fish avoidance eDZerbicides, avoidance was

32



not probable in this study (Tierney 201Barval fish captured in quatrafdight traps and
ichthyoplankton tows have limited locomotion, and juvenile Yellow Perch and Bluegill used in
net pen trials would not be able to avoid exposure. Conversely, juvenile fish sampled during
shoreline seining would have been able to avo##2 by taking refuge below the thermocline

in Manson and Silver lakes, but this is not likely as it would be metabolically stressful and these
fish were capture in the littoral zone, indicating that they were exposed to the chemical. In
addition, 2, 4D was detectedelow the thermdme, but at low concentrationslowever, LC50
concentrations from a reregistration study by the United States Environmental Protection Agency
on 2, 4D were much greater than observed in lake concentrations during this dtigly. T
laboratory study reported LC50 values ranging from 80 to 2244 ppm for amine and salt
formulations depending on fish species (DeQuattro and Karasov 2015). The concentration of 2,
4-D in lake settings, therefore, was fi&ely at highenough concentrath to result in the direct
mortality of juvenile fish.

While my study currently represents the most extensive assessment regarding the effects
of wholelake 2, 4D treatments on fish and zooplankton, the ability to detect population level
effects of the @rbicide treatments on fish and zooplankton populations was complicated by the
inherent natural variation in many of the metrics | measured. Extensive spatial and temporal
variation could mask possible effects of the treatments, if these effects arelaudadidition,
while sampling was extensive, a sample size of three treatment lakes may not offer sufficient
power to detect differences, if they exist. Consequently, failure to detect differences in metrics
does not necessarily mean there are no effectsslo and zooplankton when applying 2D4
herbicides, but thaffects were natletectable. In addition, any direct effects of herbicide

application may only be relevant to the DFMIAIVM formulation of 2, 4D because registration
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of 2, 4D compounds isnly for the active ingredient and not inert ingredients. In the case of the
DMA® 41VM formulation 2, 4D makes up 46.3% of the ingredients, while remaining
ingredients ar@ot reportedDeQuattro and Karasov (2015) reported varying effects of two
different 2, 4D formulations, which may be due to varying effects of these inert ingredients.
In summary, wholdake 2, 4D treatments did not lead to detectable effects on
zooplankton and larval or juvenile fishes. While zooplanktends were different in see
treatment lakes irthe year after herbicide application, and laivellow Perchrelative
abundanceappeared to be lower in treatment lakes during 2017, it seems unlikely that the actual
herbicide treatmertirectly affected these metrics. These delayedds may represent an
indirect result of the herbicide application caused by loss of aquatic vegetation. Lack-of field
based studies limits the comparability of my research with previous work, but the lack of
previous research highlights the importaméeny study. Both laboratoryand fieldbased
studies should continue to determine the effects off2hérbicides and indirect effects of
aguatic plant losen biotic communitiesAd di t i onal |l y, my assessment 0
of repeatded ememhio;m t he sameemake@sowaa@r imMmipmet ah
becaulsoewifnogg her bi EWM ec d v eeraad gnee mamg et aamer sl dloed eve

where there is public interest in subsequent
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Table 1. Location(county) surface area (acresyophic statushydrologic lake type and
treatment typédor the six lakes used to determine the effects of2,herbicide treatments or
aguaticcommunities in northern Wisconsin.

Lake Name County Acres Trophic Status Hydrologic Lake Type Treatment Type
Brandy Vilas 113 Mesotrophic  Drainage Reference

Kathan Oneida 214 Eutrophic Drainage Wholelake (2, 4D)
Little Bearskin  Oneida 184 Mesotrophic  Drainage Reference
Manson Oneida 236 Mesotrophic  Drainage Wholelake (2, 4D)
Silver Vilas 57 Mesotrophic  Seepage Wholelake (2, 4D)
Upper Gresham Vilas 362 Mesotrophic  Drainage Reference
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Table 2. Statistical output for anaggof covariance and mixeeffects modelsised or
comparisons of selectedetricsincluding F-statisticsdegrees of freedoifdf), andP values for
themain effectof lake type (reference vs. treatmeautd interaction terms. Statistically
significanteffects(P < 0.05) arenoted inbold.

Metric df F P Metric df F P
Mean Secchi Depth Shannon Index Quatrefoil Light Traps
Lake Type 1,164 0.64 0.4244 Lake Type 1,4 0.01 0.9240
Year 2,8 24.17  0.0004 Year 2,8 1.63 0.2552
Lake Type*Year 2,164 1.26 0.2870 Lake Type*Year 2,8 0.63 0.5562
Mean Chiorophyll© Concentration Logg(Larval Cyprinid CPE)
Lake Type 1,149 0.01 0.9095 Lake Type 1,4 1.02 0.3694
Year 2,8 0.94 0.4285 Year 2,8 4.32 0.0535
Lake Type*Year 2,149 0.97 0.3800 Lake Type*Year 2,8 8.78 0.0096
Zooplankton Diversity Age-0 Largemouth Bass CPE
Lake Type 1,4 0.87 0.4043 Lake Type 1,4 0.66 0.4618
Year 2,8 2.07 0.1884 Year 2,8 0.13 0.8807
Lake Type*Year 2,8 3.88 0.0662 Lake Type*Year 2,8 0.83 0.4720
Log. (Total Zooplankton Density) Shannon Index Larval Tows
Lake Type 1,162 0.01 0.9102 Lake Type 1,4 0.14 0.7307
Year 2,8 1.07 0.3864 Year 2,8 6.80 0.0188
Lake Type*Year 2,162 2.58 0.0787 Lake Type*Year 2,8 3.52 0.0801
Log.(Daphnia spp. Density +1) Log(Larval Yellow Perch CPE)
Lake Type 1,162 3.61 0.0592 Lake Type 1,4 0.62 0.4765
Year 2,8 16.94 0.0013 Year 2,8 3.54 0.0792
Lake Type*Year 2,162 2.89 0.0586 Lake Type*Year 2,8 1.06 0.3899
Daphnia spp. Body Length Larval Yellow Perch Total Length
Lake Type 1,170 0.16 0.6904 Lake Type 5 0.65 0.6627
Year 2,8 14.97 0.0020 Day of the Year 1 12.13 0.0023
Lake Type*Year 2,170 3.07 0.0489 Lake Type*Day of the Year 5 0.63 0.6793
Log(Calanoid Density +1) Logg(Larval Black Crappie CPE)
Lake Type 1,162 0.28 0.5990 Lake Type 1,4 0.02 0.8990
Year 2,8 0.45 0.6542 Year 2,8 20.75 0.0007
Lake Type*Year 2,162 1.40 0.2503 Lake Type*Year 2,8 7.16 0.0165
Logy(Calanoid Body Length) Larval Bluegil CPE
Lake Type 1,172 0.91 0.3413 Lake Type 1,4 0.76 0.4336
Year 2,8 23.67 0.0004 Year 2,8 0.87 0.4556
Lake Type*Year 2,172 1.76 0.1756 Lake Type*Year 2,8 0.50 0.6259
Cyclopoid Density Larval Bluegil Total Length
Lake Type 1,162 0.03 0.8736 Lake Type 5 0.33 0.8901
Year 2,8 1.06 0.3895 Day of the Year 1 26.47 <0.0001
Lake Type*Year 2,162 1.87 0.1573 Lake Type*Day of the Year 5 0.35 0.8801
Loge (Cyclopoid Body Length) Larval Black Crappie Daily Growth Rate
Lake Type 1,174 2.44 0.1199 Lake Type 1,4 0.11 0.7554
Year 2,8 14.68 0.0021 Year 1,4 0.02 0.8928
Lake Type*Year 1,174 0.09 0.9152 Lake Type*Year 1,4 1.77 0.2540
Bosminaspp Density Shannon Index Seining
Lake Type 1,162 0.07 0.7892 Lake Type 1,4 0.07 0.8096
Year 2,8 1.10 0.3789 Year 2,8 0.92 0.4356
Lake Type*Year 2,162 142 0.2448 Lake Type*Year 2,8 0.63 0.5562
Naupli Density Yelow Perch (< 70 mm) Seining CPE
Lake Type 1,162 0.04 0.8503 Lake Type 1,4 0.45 0.5371
Year 2,8 3.67 0.0739 Year 2,8 2.29 0.1633
Lake Type*Year 2,162 2.66 0.0727 Type*Year 2,8 0.40 0.6846
Bluegil (< 100 mm) Seining CPE
Lake Type 1,4 0.08 0.7912
Year 2,8 1.01 0.4060
Lake Type*Year 2,8 1.68 0.2466
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Table 3 Percent of vegetated area that contalBechsian Watermilfoitluring pointintercept
surveys conducted between late July and early August of each year. Surveys took place within
the saméwo-weekperiodeach year.

Lake Type Lake 2015 2016 2017
Brandy 51 158 8.6
Reference Little Bearskin 49 4.1 9.9
Upper Greshan 1.7 2.3 4.0

Kathan 6.3 0 4
Treatment Manson 12.8 0 94
Silver 3.4 0 0
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Table 4. Concentration of 2;[2 (ppm)sampled below the thermocline up to @fterherbicide
treatment (DAT) on Silver and Manson Lakes. Samples were collected at a deptfoaf 5 m
Silver Lakeanda depth o6 mon MansorLake

Lake DAT Concentration (ppin
Manson 0.008
0.004
0.007
0.012
0.000
0.002
0.015
0.019
0.039

Silver

g wkFrk oNUOlwk o
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dUpper Gresham

Brandy .Sllver
L
Kathan
Little Bearskin
Manson
3

Figure 1. Location of study lakes in Vilas and Oneida counties, Wisconsin. Treatment lakes
(Kathan, Manson and Silveaye black; reference lakéBrandy, Little Bearskin and Upper
Greshamhpre gray.
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Fullness

Rating Coverage Description

Only few plants. There
are not enough plants
to entirely cover the
length of the rake head
1n a single layer.

AARR!

There are enough
plants to cover the
length of the rake head
in a single layer. but
not enough to fully
cover the tines.

B

The rake 1s completely
covered and tines are
not visible.

Figure 2. lllustration of rake fullness categories used in Wisconsin Department of Natural
Resources plant surveydguxwell et al. 2010 At sites less than 416 deepdouble headed rake
on a telscoping pole was lowered to the bottom and two complete rotations were made. At
sample sitegreater thad.6 mdeep,a 2.27kg weighted rake attached to a rapgsdeployed
and dragged along the lake bottom for approximately OaBdntherpulled to the srface All
plantspecies were identified and given a rake fullness rating pictured above.
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Reference Treatment

Brandy Kathan

Little Bearskin Manson

th (

Secchi Depth (m)

Secchi Dep
O R N W dM O OO B N W d» 01 O0oO

Upper Gresham Silver

ot
47 .

2015 2016 2017 2015 2016 2017

Figure3. Mean Secchi depth (nflom May through Augudtor reference (lefcolumn) and
treatment lakes (righitolumn) duringthe year before herbicide treatments occurred (2015), the
year of the herbicide treatments (2014)d the year after herbicide treatments (20&itor bars
are 95% confidence intervaRange ofy-axis variesamong lakes because of relatively low
Secchi depths on Kathan Lake.
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Figure 4 Mean Secchi depth (nflom May through August each yefar reference (grapar9
and treatment lakes (blabtlarg from 2015 to 201Ttop panellandmean Secchi depfor all
lakesduringthe year before herbicide treatments occurred (2015), the year of the herbicide
treatments (2016and the year after herbicide treatments (2@bitom pangl Error bars are
95% confidence interval€olumns denotedith different lettes weresignificanty different (P

< 0.05 Table 3.

49



Reference Treatment

Brandy Kathan

0 0
20 ) _ 8-
= Little Bearskin = Manson Lake
= =
E 15 . _CE 6 . }
=S =S
= S
3 10 - g 4 { }
S S
e e
O 5 - O 2

0 0

8 - 8 1 )

Upper Gresham Silver
6 - 6 -
[ ]

4 - { ; { 4 -

2 2 -

0 0

2015 2016 2017 2015 2016 2017
Year Year

Figure5. Mean chlorophyth concentrations (ug/l) from reference (lelumn) and treatment

lakes (rightcolumn) duringthe year before herbicide treatments occurred (2015), the year of the
herbicide treatments (201&nd the year after herbicide treatments (20%@mples were

collected using an intergrated tube sampler and combineach sampling dater a composite
sampleError bars are 95% confidence interv&snge ofy-axis varies taccount for

differences irchlorophylta levelsamong lakes.
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10 ~

Chlorophylta (ug/L)
ol

2015 2016 2017
Year

Figure 6 Mean chlorophyHa concentrations (pg/from May through August fareference (gray
barg and treatment lakes (blablarg from 2015 to 2017. Sampling took place at approximately
7- to 14d intervals each yealError bars are 95% confidence intervals.
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Brandy

20 | T I,
15 W“ M

Little Bearskin

Temperature (°C)
o T - T
] n ] n

1 1 1 1

A
1

0
35 -

Upper Gresham
30 A

25 -
20 -
15 -
10 A
5 4
0

5/6 5/26 6/15 75 7125 R/14
Date

Figure 7. Hourly water temperature€jcollected from May to August in eacikie using an
Onse? Hobo Pro V2 ofTidbit V2 temperature logger for 201kght gray), 2016 (black) and
2017 @ark gray. Temperature loggersere attached to a cinder block ateployedat a depth
of less than 1 m.
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Figure 7 (continued).
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EWM All Plants

Rake Fullness Rake Fullness

/ ®. 1 1

e 2 2
® 3 3

Figure 8.Distribution and rake fullness ratiafpr Eurasian WatermilfoilEWM) and all aquatic
plants in Brandy Lakéeference lake)Vilas County, Wisconsin from 2015 to 2017. Size of
circles correspond to rake fullness ratings with EWM in black draaits combined in gray.

54



2016

EWM All Plants
Rake Fullness Rake Fullness
LI 1
e 2 2,
® 3 3

2017
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Figure 8 (continued).
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Figure 9.Distribution and rake fullness rating fRurasian Watermilfoil EWM) and all aquatic
plants in Little Bearskin Lakéeference lake)Oneida County, Wisconsin from 2015 to 2017.
Size ofcircles correspond to rake fullness ratings with EWM in black and all plants combined in

gray.
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Figure 9 (continued).
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Figure 10 Distribution and rake fullness rating fRurasian Watermilfoil EWM) and all aquatic
plants in Upper Gresham Lakeference lake)Vilas County, Wisconsin from 2015 to 2017.
Size of circles correspond to rake fullness ratings with EWM in black and all plants combined in

gray.

58



—— \
/ e \ =
/ R
| /5
( /
A a
o |
— | ] = ( (
A e [ / = } \
( ® Y, y
) [ 1
‘\ /
)\
) EWM All Plants
y | /
=) ‘j * / Rake Fullness Rake Fullness
i : ‘\‘ ‘.\‘ 2. : s 1 l
B o 2 2
TS 3

Figure 10 (continued).
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